This paper describes the history and new trends in the development of chemical admixtures in Japan. PC (polycarboxylic acid)-based agents are the main products in the superplasticizer market. A low-stickiness type PC-based superplasticizer has been developed based on the conventional PC-based superplasticizer. The flowing speed of concrete with low stickiness type PC-based superplasticizer is faster than that with the conventional PC-based superplasticizer. By addition of a new viscosity agent consisting of a mix of anionic and cationic surface active agents, the three dimensional reticulation structures is formed in fresh cement paste and the viscosity of the cement paste can be increased and segregation can be prevented. The hydration of cement in sludge water is controlled by addition of a set-retarder, and the specific surface area of cement does not increase while a large amount of unreacted alite remains in the sludge water. Recycling of concrete at ready mixed concrete plants is possible without adversely influencing the properties of concrete when sludge water with the set-retarder containing gluconate salt is used. The slurry type and powder type calcium aluminate based accelerator (CA) and calciumsulfoaluminate based accelerator (CSA) for shotcrete have been developed. In the case of CA, the final setting time of the mortar is accelerated by increasing the dosage. By adding of CSA, both the initial and final setting times of mortar are shortened with increased dosages.
Introduction
Chemical admixtures such as air entraining (and high-range) water reducing agents are used in most concretes in Japan. Moreover, many types of admixtures that provide the performance demanded by new construction technologies are in use. Such admixtures are mainly used to improve the fluidity, to control setting or hardening times, and to reduce volume changes of concrete. The development of naphthalene-based superplasticizers by Hattori in 1962 was an important event in the field of chemical admixture in Japan (Hattori, 2002,) . However, this first-generation superplasticizer had the drawback of causing large concrete slump loss. To decrease slump loss, many types of polymers such as polycarboxylic acid without grafted pendant polyethylene oxide, gradual-release type polycarboxylic acid, and refined lignosulfonate or amino aromatic sulfonate polymer have been developed as second-generation superplasticizers (Sakai and Daimon, 1995) . However, even these new admixtures have not been able to completely overcome this fault. An air entraining high-range water reducing agent containing comb-type polymers with a grafted pendant group of polyethylene oxide (PC-based superplasticizer) has been developed in Japan as the third-generation admixture (Nippon Shokubai Co., Ltd., 1981 , Nippon Shokubai Co., Ltd. and NMB Co., Ltd., 1993 A small addition of PC-based superplasticizers can improve the flowability of concrete and can achieve minimal loss of flowability with time. In the field of admixtures, research and development of newer polymers is being undertaken utilizing molecular design (Sakai et al., 2003) .
To reduce the volume change of concrete, shrinkage reducing agents were first developed in Japan (Sato et al., 1983) . Many types of organic compounds have been proposed as shrinkage reducing agents. These compounds reduce the surface tension of capillary water, contributing to a reduction in autogenous or dry shrinkage of concrete.
To control the setting or hardening of concrete, accelerators and retarders are widely used with ordinary concrete. Japan having a highly mountainous topography, tunnel construction is recognized as an important technology in this country. The main construction method for mountain tunneling is NATM (New Austrian Tunneling Method), in which an accelerator for shotcrete plays a very important role. A cementitious material-based accelerator containing calcium aluminate is the additive mainly used for NATM, which has been modified to a Japanese tunneling construction method through the development of this additive. In addition, a new type of accelerator for high-strength shotcrete has also been developed (Ishida et al., 1999) . Meanwhile, a new application for recycling systems of concrete at ready mixed concrete plants has also been proposed (Aizawa et al., 1996) . This paper introduces the history and new trends in the development of chemical admixtures in Japan, including an air entraining high-range water reducing agent, a new accelerator for shotcrete, and a viscosity agent and its novel application as a retarder in a recycling system for sludge water in ready mixed concrete plants. Figure 1 shows the history of chemical admixture use in Japan. Table 1 shows the main components of chemical admixtures. The first chemical admixture to be made in Japan was an air-entraining (AE) agent whose production began in 1950. The use of a water reducing agent (WRA) began later, and an AEWRA, which was a mixture of a WRA and an AE agent, was widespread in the 1960s. AE concrete using an AE agent or an AEARA became the standard for grades in JIS A 5308 "Ready mixed concrete" in 1978. Nowadays, chemical admixtures are used for most of Japan's concrete. The JIS for chemical admixtures (JIS A 6204) was established in 1982. AE, WRA, and AEWRA were all included in the standard. WRAs and AEWRAs come in standard, accelerated, and retarded types. Lignosulfonate or gluconate salts are used as the water reducing component in WAR and AEWRA. The water reducing ratios of WRA and AEWRA are 4-6% and 12-16%, respectively. A restriction on the alkali content and the amount of chloride ions was added to JIS A 6204 in 1987. Naphthalene-based high-range water reducing agent (HRWRA) with a water reducing performance superior to that of lignosulfonate was developed around 1962 , and marketed in 1964 (Kao Soap Co.Ltd.,1964 , Hattori et al., 1964 . This agent was used for PC piles around 1966, and then for high-strength concrete in long span bridges around 1970 (Nishi et al., 1971, Nagataki and Sakai, 1994) . A melamine-based HRWRA was also marketed during the same period. AEHRWRAs, which boast excellent water reducing ratios and slump retention abilities, were developed in the mid-1980s, and first marketed in 1987. The main component of AEHRWRA is a copolymer with grafted pendant groups of polyethylene oxide. Because these have a carboxyl group in the main chain, they are generically called polycarboxylic acid-based superplasticizers. AEHRWRA advanced rapidly in association with the development of high-performance concrete (self-compacting concrete) as proposed by Professor Okamura in 1986 (Okamura and Ouchi, 2003) and high-strength concrete was applied to New RC (New reinforced concrete) projects between 1988 and 1992. AEHRWRA containing retarded and standard types were added in the JIS revision of 1995. AEHRWRA is especially useful for producing self-compacting and high-strength concretes. On the other hand, the worsening situation with respect to aggregate resources has tended to increase the water demand of concrete, comb-type polymers, which are also the main component of AEHRWRA, are used to reduce the contents of water for secure the durability of ordinary concrete. The development of many types of comb-type polymers that enable better performance has also continued, resulting in highly durable and high strength concretes (Sakai et al., 2003) . 
History of chemical admixture use in Japan
Ratio of length change（%) ≤120 ≤110 ≤130 ≤120 ≤120 ≤120 ≤120 ≤120 ≤120 ≤110 ≤110 ≤120 ≤120 Table 2 . Further, the alkali contents in concrete with these admixtures should be less than 0.3 kg/m 3 . Chemical admixtures are classified into three types by the Cl -contents in concrete with these admixtures, as follows.
Type I: Cl Shrinkage reducing agents were developed in the 1980s; their effects can be explained by the capillary tension theory (Sanyo Chemical Industry, Ltd. and Nippon Cement Co., Ltd., 1979 , Sato et al., 1983 . The surface tension of capillary water decreases with this type of additive, and the drying shrinkage of concrete is reduced. Shrinkage reducing agents are also effective for the reduction of autogenous shrinkage of concrete. A typical chemical structure is as follows.
Recently, a highly durable concrete was developed by combining expansive additives and a shrinkage reducing agent. A new type of superplasticizers with grafted pendant groups with a dry-shrinkage effect was also developed (Nakanishi et al., 2003) .
In the NATM method of tunneling, shotcrete with an accelerator is the key technology. Initially, inorganic salts such as sodium aluminate and sodium carbonate were used as accelerator for shotcrete. Cementitious material-based accelerator containing calcium aluminate was developed in the 1980s, and in Japan this accelerator is now the main type used. Alkali free accelerators for counter measurement of alkali-silica reactions and environmental burden, and a calcium sulfoaluminate-based accelerator for high-strength shotcrete, were developed in the latter half of the 1990s (Ishida et al., 1999) . Moreover, a slurry type of calcium sulfoaluminate-based accelerator was developed for high-strength shotcrete (Ishida et al., 2002) . By using a slurry type accelerator, the dust from spraying concrete can be remarkably decreased. Therefore, dust reducing agents that consist of water-soluble polymers are also used to decrease dust in practical use.
A set retarder was used for the green cut of dam concrete and joints in old and new concrete. The main component of the set retarder is sodium salt of gluconate. The use of the retarder enables the recycling of the return concrete and the mortar adhering to the track agitator. New applications for set retarders were developed in the latter half of the 1990s (Aizawa et al., 1996) . Retarders are used in the recycling systems for sludge water in ready mixed concrete plants. The properties of fresh concrete and hardened concrete do not decrease when using sludge water with a set retarder. This is expected to be very useful in a recycling system. Viscosity agents are widely used in underwater concrete, shotcrete and grouting materials. Cellulose water soluble polymers such as methyl cellulose, hydroxyethyl cellulose and polyacrylamide are widely used in these admixtures. Further, many types of viscosity agents such as β-1.3 Glucan, Welann Gum, Diutan gum and polyglycol have been developed for use in self-compacting concrete (Shindo and Matsuoka, 2003, Sakata et al., 2003) . These viscosity agents increase the viscosity of paste by the crosslinking of particles, or the increasing of viscosity of the solution, or a swelling of molecules. Recently, a new type of viscosity agents consisting of cationic and anionic surfactants has been developed . Such viscosity agents can increase the viscosity of a solution by forming complex anionic and cationic surfactants.
New type of polycarboxylate superplasticizers
3.1 Trends in products developed for the superplasticizer market in Japan PC-based AE high-range water-reducing agents (PC-AEHRWRA) have been marketed in Japan for about 15 years. Presently, PC-based agents are the main product in the superplasticizer market in terms of the number of products, as shown in Fig. 2 . Indeed, they make up approximately 90% of the AE high-range water-reducing agents (superplasticizers) market in terms of concrete volume used. AEHRWRA is mainly used in ready mixed concrete plants. In the factory of concrete products, napthalene based superplasticizers were widely used. PC-AEHRWRA dominance is due to the chemical structure of their main component. Figure 3 shows a typical chemical structure of PC-AEHRWRA (PC-based superplasticizers). Like Lego blocks, the units that form the main component can be changed to alter the characteristics of the admixture. In other words, by changing the functional units in the chain, the effects of the admixture on the concrete can be modified. PC-AEHRWRA can be used to control fluidity and slump loss of ready-mixed concrete in response to user demand.
PC-AEHRWRA has a chemical structure that is easy to modify and adapt; that is, they can easily be tailored to specific customer needs. This is one reason for their widespread use. Other factors contributing to wider PC-AEHRWR use are the difficulty in switching aggregates and the limitations on cement improvement due to the costs involved. In addition, technical competition among admixture producers has also helped push improvements of PC-AEHRWR.
Easy handling concrete whose rheological properties can be controlled is demanded for facilitating the work of concrete workers. Recently, new types of PC-based superplasticizers have been developed for reducing the stickiness of concrete. The market share of low-stickiness types of PC superplasticizers has rapidly increased as shown in Fig. 4. 
Low stickiness type superplasticizer
A stickiness-reducing-type admixture composed of advanced PC with a "multi-ion" concept has been developed, and two types, based on conventional PC-based superplasticizers, have been marketed: cationic bases have been added to the first one, and hydrophobic bases to the second. The chemical structures of these PC superplasticizers are shown in Fig. 5(a) and ( not made up of a single type of polymer; being formulated instead from several different polymers (Degussa AG, 1996 , 1999 ,2002 ,2004 , Nippon Shokubai Co., Ltd., 1981 ,1993 , Nippon Sika,2000 .. PC superplasticizers can be easily synthesized from many types of polymers by changing the ratio of the compositions of copolymers and the molecular weights and the lengths of grafted polymers. For example, the absorption characteristics and the amount of each polymer added differ considerably, as shown in Fig. 6 . The various polymers remain in solution without adsorbing onto the particles, leading to good slump maintenance. Since the amount of remaining polymer is high, the viscosity of the concrete is lowered. These polymers were used in the formulation of a new type of low-stickiness AEHRWRA. The spread speed of concrete with low-stickiness AEHRWRA is faster than that of concrete with conventional PC-based superplasticizers in L-box testing. Therefore, it can be inferred that low-stickiness AEHRWRA further lowers the stickiness of concrete. To prove the stickiness reduction, the pumpability of concrete containing this admixture can be improved as shown in Fig. 7 (Matsuo et al., 2002) . By using low-stickiness AEHRARA, the pressure generated by pumped concrete inside the tube can be reduced approximately 20%. Thus the advanced PC-based SP reduces the stickiness and increases the fluidity of concrete. These polymers have also been investigated for application to ultra-high-strength concretes with very low water to powder ratios (Sugamata et al., 2003) .
New viscosity agent
A new viscosity agent consisting of a mix of anionic and cationic surface active agents has been developed. Figure 8 shows the apparent viscosity of a cement paste with a mixture of anionic and cationic surface active agents . The water to cement ratio is 0.7 and the dosage of the mixture is 3mass% to cement. The apparent viscosity of the cement paste can be arbitrarily adjusted by changing the mixing ratio of anion and cationic surface active agents. When the mixing ratio of the mixture is 0.5, the cement paste has maximum viscosity. Both compounds are low molecular weight compounds. Observation of the microstructure of fresh cement paste with the mixture by cryo-SEM reveals that a three-dimensional reticulation structure is formed in the fresh cement paste. The viscosity of the cement paste can be increased and segregation can be prevented by this three-dimensional reticulation structure. Moreover, the hydration of the cement is not retarded by adding this admixture compared with the addition of water-soluble polymers such as methyl cellulose. This additive hardly adsorbs on the surface of cement particles, and doesn't delay the hydration of cement. The water maintained in the three-dimensional reticulation structure formed in solution usually causes the hydration of cement.
The application of the new viscosity agent to light-weight self-compacting concrete has been investigated . The viscosity of cement paste with the new viscosity agent decreased rapidly when naphthalene-based superplasticizer was added as shown in Fig. 9 . On the other hand, the viscosity of the paste did not decrease in the polycarboxylic acid-based superplasticizer (comb-type superplasticizer). Therefore, when this additive is used for self-compacting concrete, it is necessary to ascertain the compatibility with superplasticizer. Figure 10 shows the mortar flow of mortar containing light-weight aggregates when it was assumed that there was a dosage of 2.5% of superplasticizer and a dosage of 1.25% of the viscosity agent, and shows the changed s/m (volume ratio of sand to mortar). Suitable s/m for self-compacting concrete differs depending on the water cement ratio. For example, mortar for a 45% ratio of s/m has neither excellent fluidity nor material segregation when the W/C is 30%. Light-weight self-compacting mortar can be manufactured with a compressive strength of 10 MPa and 35 MPa from 0.9 and 1.1 kg/m 3 , respectively, by unit weight by using PC superplasticizers and this viscosity agent.
In piling of manufactured piles, a new viscosity agent is also useful for the injection solution. It has been confirmed in actual operation that the infiltration of cement paste in the ground can be prevented when a new viscosity agent is added to the cement paste with a 125% water to cement ratio by 3mass% addition (Koyanagi et al., 2005) . Figure 11 shows the ignition loss of sludge in sludge water with or without retarder containing sodium gluconate as the main component. The ignition loss increases rapidly after a day when retarder has not been added, but when retarder is added in 0.15vol% of sludge water, the ignition loss of sludge does not increase (Aizawa et al., 1996) . The hydration of cement in sludge water can be controlled for 7 or about 10 days by 0.15vol% or 0.3vol%, respectively, adding the retarder in sludge water.
New application of set retarders
The mix-proportions of concretes with sludge water are shown in Table 3 . The dosage of sludge in concrete is 3% of solid to cement. Figure 12 shows the slump of concrete containing sludge with or without retarder. The slump is decreased when sludge without retarder is added. However, even when sludge water with retarder that passes seven days is used, the concrete slump is almost the same as in the case of the concrete without sludge water. When sludge without retarder is used, the dosage of AE agent to obtain the same air content is approximately 1.5 times that in the case of concrete without sludge. When sludge water with retarder is used, the dosage of AE agent is almost the same.
The setting time of concrete with or without sludge is shown in Fig. 13 . When sludge without retarder is used, the setting time of concrete shows a tendency to be early. However, there is little influence in the case of sludge that passes for a day when retarder is added.
The unit cement content in concrete is not changed, but because sludge has also been added, the compressive strength of concrete with sludge is higher than that of concrete without sludge. The compressive strength of concrete containing sludge water with retarder is 46.1 MPa at 28 d, and that of concrete without sludge is 43.3 MPa at the same time. Moreover, the drying shrinkage and the freezing and thawing resistance of concrete are little influenced by the addition of sludge water with retarder. Figures 14 and 15 show the specific surface area of cement and the reaction ratio of alite in sludge water when it comes in contact with water using cement paste (W/C: 0.4); as a model of a recycling system (Song et al., 2004) . Sodium gluconate was added after two hours, and the solid content in sludge water was 25 mass%. The hydration of cement in sludge water is controlled by adjusting the dosage of the retarder, and the specific surface area of cement does not increase while a large amount of unreacted alite remains. Because the specific surface area of solids in sludge water does not increase by adding retarder, the fluidity of concrete is not influenced with sludge water with retarder added. In order for alite to remain unreacted in sludge in sludge water, the compressive strength of concrete is increased by using sludge water.
It has been reported that the properties of fresh and hardened concrete are not influenced by adding sludge water with retarder in the construction of actual apartment houses (Fujimoto et al., 1999) . Figure 16 shows recycling systems using retarder at a ready mixed concrete plant. In this case, the dosage of retarder to the water used is 0.15vol%; and 2mass % of the sludge is added to the cement in concrete. The recycling of concrete at a ready mixed concrete plant is possible without adversely influencing the properties of concrete when sludge water with added retarder is used. Table 4 shows the characteristics of accelerators for shotcrete used in Japan. Shotcrete is a popular technology for the construction of tunnels in Japan. Shotcrete is mainly used as wet-mix types with the powder type of calcium aluminate (CA-P) used as an accelerator (Denki Kagaku Kogyo Co., Ltd., 1981 Ltd., , 1987 . Recently calcium sulfoaluminate-based accelerators (CSA) have been developed for high-strength shotcrete (Ishida at al., 2002, • Liquid and powder type • The quick setting property is shown by the low addition.
New accelerator for shotcrete
• The amount of dust generation is small in the liquid type.
• No self hardening property • Thick spraying and application to the part of springing water are diifficult.
• Inferior to development of strength at late stage Alkali-free (aluminum sulfate etc.) AF 9~12
• Low alkalinity • Produces small amount of dust Calcium aluminate CA 5~9
• Development of strength at late stage is excellent.
• Self hardening property, allowing thick spraying Calcium sulfo-aluminate CSA 10~20
• Self hardening property, allowing thick spraying • Development of strength at late stage is excellent.
• High-strength shotcrete can be produced Denki Kagaku Kogyo Co., Ltd, 1990 . Slurry type calcium aluminate or calcium sulfoaluminate-based accelerators have been developed. High-strength shotcrete can reduce the construction cost of tunnels by decreasing the thickness of shotcrete as support. Slurry type CA (CA-S) and CSA (CSA-S) can reduce the rebound and dust in shotcreting (Denki Kagaku Kogyo Co., Ltd., 1996) . Figure 17 shows the quick-setting properties of mortar with inorganic salts type (IO), CA and CSA. By adding IO, the lower the water cement ratio of mortar is, the shorter the setting time of the initial and final settings (Ishida et al., 1999) . However, the setting time of mortar cannot be shortened by increasing the dosage of IO. In the case of CA, the final setting time of the mortar is especially accelerated by increasing the dosage. Through the addition of CSA, both the initial and final setting times of the mortar are shortened with increased dosages. Compared with other additives, the dosage of CSA to obtain the same quick setting performance tends to increase.
The compressive strengths of mortar with and without IO or CSA cured for 7 and 28 days are shown in Fig. 18 (Ishida et al., 1999) . By adding IO, 20 to 30% loss of compressive strength after 7 and 28 days is observed. In the case of CA, the compressive strength of mortar decreases though the decrease in the ratio is small compared with IO. However, the compressive strength of mortar is increased by adding CSA. When the water to cement ratio is low, the increase in compressive strength is significant; therefore, CSA is suitable for high-strength shotcrete. Figure 19 shows the relationship between the compressive strength of shotcrete and base concrete cured for 28 days by adding CA and CSA. The base concrete manufactured beforehand was transported with the pump, and accelerator was added in the mixing pipe. The concrete was sprayed from a spraying nozzle and specimens were made. The test pieces of shotcrete were cored at φ5×10cm. The dosage of CA or CSA was changed from 3.3 to 10mass% and 6.3 to 15mass% to cement in concrete, respectively. The compressive strength of the base concrete was measured using a φ10×20cm cylinder. To obtain the compressive strength at various levels, the mix proportions of concrete have been greatly changed. The ratio of compressive strength between shotcrete and base concrete ranges from 0.6 to 1.0 in the case of CA, and from 0.8 to 1.2 in the case of CSA. When the water to cement ratio is low, superplasticizers are used. Figure 20 shows a system for shotcrete using slurry type CSA and CA. A slurry nozzle, water tank and control panel are added to the conventional shotcrete system. Powder type accelerator is fed by compressed air and mixed with water at the slurry nozzle. The accelerator slurry is then mixed with base concrete at the mixing pipe. The slurry type and a powder type accelerator have almost identical properties such as the quick setting property. Table 5 shows the mix proportion and the fresh properties of base concrete and the test results of shotcrete, such as dust monitoring of sprayed concrete with a CSA powder type or slurry type at a model tunnel 4.5 m high, 5.5 m wide and 20 m long. In the spraying test using a slurry type accelerator, as shown in Fig. 20 , the accelerator (CSA) and water in the slurry were 8∼12% and 5.6∼8.4%, respectively, to cement. In the case of the slurry type CSA (CSA-S), compressed air is reduced and dust decreases remarkably compared with the powder type CSA (CSA-P). The rebound for shotcrete with CSA-S is also reduced. The compressive strength meets the Japanese specifications for high-strength shotcrete for highway tunnel construction with over 2 MPa after 3 h, 10 MPa after 1 day and 36 MPa after 28 days. By using a slurry type CSA, an environment-friendly high-strength shotcrete can be constructed.
Conclusions
Chemical admixtures are necessary and indeed indispensable for adding new functions to concrete. The long-term durability of a concrete structure is important when aligned with a decrease in the amount of the construction investment. Moreover, the use of concrete for radioactive waste storage in facilities featuring underground lining is investigating and long-term durability that exceeds 1000 years is demanded from concrete in such a case. PC-based superplasticizers are necessary for such highly durable concrete. With PC-based superplasticizers, many types of polymers can be synthesized and new types of PC-based superplasticizers can be supplied by reformulations of the polymers. On the other hand, the use of waste is also active in Japan in the manufacturing of ordinary Portland cement. This is very important for a closed-loop materials-cycle orientated society. The amount of Al 2 O 3 in waste exceeds that in most cements, and therefore amounts of C 3 A in OPC made in the future are highly likely to increase. Additionally, blended cement will be a leading product for reduced CO 2 emissions. Investigations of ideal ways to use superplasticizers as the character of cement changes are necessary. Recycling of concrete at ready mixed concrete plants is also important. The interaction of retarders and superplasticizers will become an important problem in the future when recycling incorporates retarders. Thus, to support future material changes and develop new concretes and new construction methods, research and development of chemical admixtures will be continued. 
